To meet the requirements for lightweight, miniaturized dispersive optical systems for space applications, linear variable filters with a high transmittance and spatial dispersion coefficient are proposed. The filters were produced with dual ion beam sputtering, where a single layer thickness variation was achieved with a deposition rate adjustment based on a linear variable correction formula. A linear variable trend matching method was used to correct the film thickness based on the reduction of the mismatch error between two materials: Ta 2 O 5 and SiO 2 . The influence of the spectral and spatial measuring average effects was addressed by sampling the spot size optimization. This paper presents an all-dielectric linear variable filter that operates between 520 and 1000 nm, with an excellent linear dependence of 40 nm/mm over 12 mm. The linear variable filter possessed a 2.5% bandwidth, and its transmittance was found to be >80% at the central wavelength of the band, with a 0.1% transmittance in the cut-off region. These results indicate great potential for optical devices for space applications, and the developed process has good reproducibility and stability.
Introduction
As aerospace technology rapidly develops, increasing attention has been paid to optical experimental and detection equipment for space applications. Limited by environmental conditions and cost, optical systems in space applications are required to be lightweight and integrated [1, 2] . Some traditional optical devices can no longer meet these requirements. Linear variable filters (LVFs), as a new type of dispersion device, have various advantages. Compared with traditional dispersion devices, such as prisms and gratings, they have a compact structure, and their bandpass transmission and bandwidth can be adjusted to the required operational wavelength [3, 4] . Compared with multi-channel bandpass filters, they can act on a wider waveband, and their manufacturing process is relatively simple [5] . LVF provides a methodology for the design of miniaturized and integrated optical systems, particularly in the field of space technology [6] .
The dispersion device described here is part of a spectrometer for space applications. The required operating spectrum is 520-1000 nm, the central wavelength gradient along the variable direction is required to be 40 nm/mm, the minimum peak transmittance is higher than 80%, the spectral out of band transmittance is less than 0.1%, and the transmission bandwidth is 2.5% of the central wavelength. In addition, the dispersion device should also be miniaturized and lightweight, and have a simple preparation and good repeatability. LVF refers to a narrow band filter corresponding to the linear variation passband spectrum at each spatial position in the gradient direction of the filter [7, 8] . LVF has a high integration level (low weight, simple structure, and miniaturized), and its spectral coefficient can be adjusted according to the design requirements [9, 10] . The efficiency of LVF beam splitting is higher than that of traditional dispersion devices, which is of great significance for the miniaturization and integration of optical systems in space applications [11, 12] .
There are two main types of LVF on the market: one type of LVF involves a mechanical combination of a long-wave-pass filter and short-wave-pass filter. This system is complex because more mechanical structures are needed, and it is difficult to achieve a bandwidth as narrow as 2.5% of the central wavelength. The other type of LVF is an independent narrow bandpass filter. Angela Piegari's research team have developed an LVF using this design method. In the paper by Piegari et al. [6] , the size of the prepared LVF is 2.1 mm, and the passband transmittance is about 60%. In our research, considering the requirements of dispersive optical systems in space and the size of the sensor, the size of the required LVF is 12 mm, the operating spectrum is between 520 and 1000 nm, and the transmittance should be >80% at the central wavelength of the band. This paper introduces the development process of an LVF with a high transmittance and high dispersion coefficient. A new linear variable correction formula is developed that can determine the linear variation of a single layer thickness more easily than in previous reports. The mismatch error of two materials is reduced using a linear variable trend matching method, which has not been reported before.
Experimental Details

Coating Design for LVF
The linear dispersion coefficient is the index that can measure the integration level of LVF. The linear dispersion coefficient is defined by the equation
where d start and d end are the starting spatial position and ending spatial position of the LVF, respectively. For the bandpass filters, λ start and λ end are the starting operating wavelength and the ending operating wavelength of the LVF, respectively, meaning the central wavelength of the bandpass filter at the starting spatial position and the ending spatial position. As for applications, the linear dispersion coefficient of the LVF is in direct proportion to the density of the operating wavelength compression and the miniaturization degree. However, from the perspective of development, a large dispersion coefficient means a large change rate of deposition velocity and a great difficulty for development [13] . In this paper, on the premise of guaranteeing the accuracy and repeatability of the filter preparation, the linear dispersion coefficient of the variable filter was designed as 40 nm/mm so that a linear variable region, with the center wavelength from 520 to 1000 nm, can be obtained in the substrate range of 12 mm. As for the design of the films, in particular the discrete optical filter, the LVF is designed according to the interference principle of optical waves in multilayer optical film [14] .
To meet the application requirements of an LVF, the substrate needs to be coated on both sides. On one side is a narrow band pass filter coating. The film is designed using the three cavities Fabry-Perot model, and the film structure is Sub|(HL) 2 [15] [16] [17] . On the other side is a wide cut-off filter coating. The film is composed of long-wave-pass and short-wave-pass coatings. The wide cut-off filter coating has 182 layers, Ta 2 O 5 and SiO 2 are used as film materials, and the thickness was optimized to reach the design target. The narrow band pass filter coating and wide cut-off filter coating have the same linear variable rate. Therefore, in the process of coating on the other side, it is only necessary to ensure that one position of the narrow band-pass filter is matched with that of the wide cut-off filter, so that they can be aligned. The design of the wide cut-off film also has a margin for the cut-off region, which can eliminate the influence of the position error. In the process of film preparation, the film thickness in each cavity is controlled in real-time by a direct optical monitoring method, and the average time monitoring method is adopted to control the coupling layer thickness, which is used to connect each cavity. Due to the stability of the deposition rate of Veeco's SPECTOR dual ion beam sputtering system, the film thickness of the wide cut-off filter is controlled by the time monitoring method. As shown in Figure 1a , the cross section of LVF is a wedge structure, the thickness of each layer varies linearly in one direction of the substrate, and the design spectrum of LVF at different wavelengths is shown in Figure 1b . The transmission bandwidth is 2.5% of the central wavelength, as shown in Figure 1c ,d, and the cut-off region is extended to 520-1000 nm by the coating on both sides. process of film preparation, the film thickness in each cavity is controlled in real-time by a direct optical monitoring method, and the average time monitoring method is adopted to control the coupling layer thickness, which is used to connect each cavity. Due to the stability of the deposition rate of Veeco's SPECTOR dual ion beam sputtering system, the film thickness of the wide cut-off filter is controlled by the time monitoring method. As shown in Figure 1a , the cross section of LVF is a wedge structure, the thickness of each layer varies linearly in one direction of the substrate, and the design spectrum of LVF at different wavelengths is shown in Figure 1b . The transmission bandwidth is 2.5% of the central wavelength, as shown in Figure 1c ,d, and the cut-off region is extended to 520-1000 nm by the coating on both sides. 
Preparation and Film Thickness Matching of LVF
In this paper, LVF was prepared by dual ion beam sputtering technology (Veeco, Plainview, NY, USA) [18, 19] . Because of the high energy of the deposited particles in the process of preparation, the films prepared by dual ion beam sputtering have good optical stability, environmental stability, and repeatability. The Veeco's SPECTOR dual ion beam sputtering optical coating system is shown in Figure 2 .
The film thickness correction masks were placed in front of the sample fixture. The deposition rate of the film material is determined by the sputtering power of the 16 cm RF ion source and the shielding ratio of the mask. The sputtering distribution of the film material depends on the incident angle of the ion beam relative to the target and the sputtering characteristics of the film material [20] . In the process of thin film deposition, O2 should be supplied to the 12 cm auxiliary ion source to ensure the oxidation degree of the film materials. 
The film thickness correction masks were placed in front of the sample fixture. The deposition rate of the film material is determined by the sputtering power of the 16 cm RF ion source and the shielding ratio of the mask. The sputtering distribution of the film material depends on the incident angle of the ion beam relative to the target and the sputtering characteristics of the film material [20] .
In the process of thin film deposition, O 2 should be supplied to the 12 cm auxiliary ion source to ensure the oxidation degree of the film materials. The optical thickness of each layer should change linearly along the length in order to realize the linear variation of the central wavelength of the passband of the LVF along the substrate length [21] . Therefore, the linear dispersion coefficient of the LVF can be accurately controlled by accurately controlling the thickness of each layer and its changing rate in relation to the substrate position. The linear variation of the film thickness was achieved by installing a suitable thickness correction mask in front of the substrate [22, 23] . Based on the principle that the thickness of the film prepared at various points on the surface of the substrate is proportional to the angle exposed to the film material beam during sputtering deposition under a uniform rotation of the fixture, this paper established the linear variable correction formula (Equation (2)), combined it with the density distribution of the sputtering film material in the vacuum chamber of the coating machine and designed the shape of the masks.
where θ1 is the shielding angle of the initial mask, θt is the shielding angle of the target mask, d0 is the optical thickness of deposition without the mask, d1 is the optical thickness of deposition when the initial mask was applied, and dt is the deposition thickness of the target. Sampling points were taken at intervals of 2 mm along the variable direction of the filter. An ellipsometer (Semilab, Budapest, Hungary) was used to measure the optical thickness at each sampling point without the mask and with the initial mask, which was further corrected according to the given target thickness. The measured and corrected data are shown in Table 1 . A schematic diagram of the correction mask is shown in Figure 3 . The optical thickness of each layer should change linearly along the length in order to realize the linear variation of the central wavelength of the passband of the LVF along the substrate length [21] . Therefore, the linear dispersion coefficient of the LVF can be accurately controlled by accurately controlling the thickness of each layer and its changing rate in relation to the substrate position. The linear variation of the film thickness was achieved by installing a suitable thickness correction mask in front of the substrate [22, 23] . Based on the principle that the thickness of the film prepared at various points on the surface of the substrate is proportional to the angle exposed to the film material beam during sputtering deposition under a uniform rotation of the fixture, this paper established the linear variable correction formula (Equation (2)), combined it with the density distribution of the sputtering film material in the vacuum chamber of the coating machine and designed the shape of the masks.
where θ 1 is the shielding angle of the initial mask, θ t is the shielding angle of the target mask, d 0 is the optical thickness of deposition without the mask, d 1 is the optical thickness of deposition when the initial mask was applied, and d t is the deposition thickness of the target. Sampling points were taken at intervals of 2 mm along the variable direction of the filter. An ellipsometer (Semilab, Budapest, Hungary) was used to measure the optical thickness at each sampling point without the mask and with the initial mask, which was further corrected according to the given target thickness. The measured and corrected data are shown in Table 1 . A schematic diagram of the correction mask is shown in Figure 3 . As shown in Figure 3 , the dark area is the designed correction mask, which was fixed in front of the substrate fixture, and the angle indicated in Figure 3 is the shielding angle (θt in Equation (2) and Table 1 ) of each sample on the substrate. During the sputtering deposition process, the substrate fixture rotates at a constant speed, and the time during which different positions on the substrate are exposed to the film material beam is different, so the thickness of each layer changes linearly.
According to the above method, the masks for Ta2O5 and SiO2 were linearly corrected. The linear change rate of the thickness of the two materials after correction is shown in Figure 4 . As shown in Figure 4 , the two materials can basically meet the linear variable rate of 40 nm/mm, required in the design. However, due to the difference in sputtering between the characteristics of the two materials, the distribution of the sputtered films is different in the same sputtering environment. In some sampling points, the two materials are seriously mismatched, and the mismatching error of the film thickness is shown in Figure 5 . As shown in Figure 3 , the dark area is the designed correction mask, which was fixed in front of the substrate fixture, and the angle indicated in Figure 3 is the shielding angle (θ t in Equation (2) and Table 1 ) of each sample on the substrate. During the sputtering deposition process, the substrate fixture rotates at a constant speed, and the time during which different positions on the substrate are exposed to the film material beam is different, so the thickness of each layer changes linearly.
According to the above method, the masks for Ta 2 O 5 and SiO 2 were linearly corrected. The linear change rate of the thickness of the two materials after correction is shown in Figure 4 . As shown in Figure 3 , the dark area is the designed correction mask, which was fixed in front of the substrate fixture, and the angle indicated in Figure 3 is the shielding angle (θt in Equation (2) and Table 1 ) of each sample on the substrate. During the sputtering deposition process, the substrate fixture rotates at a constant speed, and the time during which different positions on the substrate are exposed to the film material beam is different, so the thickness of each layer changes linearly.
According to the above method, the masks for Ta2O5 and SiO2 were linearly corrected. The linear change rate of the thickness of the two materials after correction is shown in Figure 4 . As shown in Figure 4 , the two materials can basically meet the linear variable rate of 40 nm/mm, required in the design. However, due to the difference in sputtering between the characteristics of the two materials, the distribution of the sputtered films is different in the same sputtering environment. In some sampling points, the two materials are seriously mismatched, and the mismatching error of the film thickness is shown in Figure 5 . As shown in Figure 4 , the two materials can basically meet the linear variable rate of 40 nm/mm, required in the design. However, due to the difference in sputtering between the characteristics of the two materials, the distribution of the sputtered films is different in the same sputtering environment. In some sampling points, the two materials are seriously mismatched, and the mismatching error of the film thickness is shown in Figure 5 . The mismatching error of the film thickness not only results in the deviation of the central wavelength, but also seriously affects the peak transmittance of the bandpass filter. Therefore, the mismatch of materials is an important reason for low transmittance. In order to reduce the mismatch error between the two materials, Ta2O5 and SiO2, the trend matching method was used to optimize the original corrected mask. To be specific, the deposition thickness of one film material was fixed at the sampling point with a serious mismatch, and the other film material was corrected according to the mismatch ratio in the error direction. Ta2O5 has good sputtering stability and accurately calibrates the film thickness. Therefore, the constant change rate of SiO2 was selected to carry out a trend match of the change rate of Ta2O5. The linear change rates of the thickness of the two materials after match correction are shown in Figure 6 . The mismatch error of the two film materials was significantly reduced. The deposition rates of Ta2O5 and SiO2 in each sample are shown in Table 2 . The mismatching error of the film thickness not only results in the deviation of the central wavelength, but also seriously affects the peak transmittance of the bandpass filter. Therefore, the mismatch of materials is an important reason for low transmittance. In order to reduce the mismatch error between the two materials, Ta 2 O 5 and SiO 2 , the trend matching method was used to optimize the original corrected mask. To be specific, the deposition thickness of one film material was fixed at the sampling point with a serious mismatch, and the other film material was corrected according to the mismatch ratio in the error direction. Ta 2 O 5 has good sputtering stability and accurately calibrates the film thickness. Therefore, the constant change rate of SiO 2 was selected to carry out a trend match of the change rate of Ta 2 O 5 . The linear change rates of the thickness of the two materials after match correction are shown in Figure 6 . The mismatch error of the two film materials was significantly reduced. The deposition rates of Ta 2 O 5 and SiO 2 in each sample are shown in Table 2 . The mismatching error of the film thickness not only results in the deviation of the central wavelength, but also seriously affects the peak transmittance of the bandpass filter. Therefore, the mismatch of materials is an important reason for low transmittance. In order to reduce the mismatch error between the two materials, Ta2O5 and SiO2, the trend matching method was used to optimize the original corrected mask. To be specific, the deposition thickness of one film material was fixed at the sampling point with a serious mismatch, and the other film material was corrected according to the mismatch ratio in the error direction. Ta2O5 has good sputtering stability and accurately calibrates the film thickness. Therefore, the constant change rate of SiO2 was selected to carry out a trend match of the change rate of Ta2O5. The linear change rates of the thickness of the two materials after match correction are shown in Figure 6 . The mismatch error of the two film materials was significantly reduced. The deposition rates of Ta2O5 and SiO2 in each sample are shown in Table 2 . 
Results and Discussion
The LVF, prepared according to the optimized process parameters, is shown in Figure 7 . The spectrum of LVF changes in relation to the substrate position, and its central wavelength continuously varies in relation to the linear dispersion coefficient in the operating direction of the filter. The linear dispersion coefficient of the designed film system is 40 nm/mm, which means that the measured spectrum within a certain sampling range is the average value within the region. The average spectral and spatial effect can deform the measured spectral curve and decrease the transmittance of the central wavelength [24] . The specific transmittance is shown in Equation (3):
where T(x,λ) is the transmittance, with the wavelength of λ, when the center of the sampling region is located at x on the substrate, 2d is the length of the sampling spot, and the region on the substrate for calculating the average spectrum within a sampling range is from (
The results of the analysis of the linear variable bandpass filter, designed according to the size of the test spot through Equation (3), are shown in Figure 8 . As shown in Figure 8 , the cut-off steepness of the test spectral curve becomes worse, and the transmittance of the central wavelength decreases as the size of the test spot increases. 
The results of the analysis of the linear variable bandpass filter, designed according to the size of the test spot through Equation (3), are shown in Figure 8 . As shown in Figure 8 , the cut-off steepness of the test spectral curve becomes worse, and the transmittance of the central wavelength decreases as the size of the test spot increases. In order to overcome the influence of the average spectral and spatial effects on the measurement results and obtain more accurate measurement results, the micro-spot test method was used to optimize the sampling spot of the measurement system. The measurement principle is shown in Figure 9a . The small spot was obtained through the precise slit diaphragm. The lens converged the test beam to enhance the optical density of the sample surface, reducing the error caused by the test noise. According to the above principle, the test accessory shown in Figure 9b was developed for a Perkin-Elmer's Lambda1050 spectrophotometer (Waltham, MA, USA). In the measurement process, the sampling points were taken at intervals of 2 mm along the change direction of wavelength, and the diameter of the sampling spot was 0.2 mm. The measured transmittance spectrum of each sampling point is shown in Figure 10 .
In order to overcome the influence of the average spectral and spatial effects on the measurement results and obtain more accurate measurement results, the micro-spot test method was used to optimize the sampling spot of the measurement system. The measurement principle is shown in Figure 9a . The small spot was obtained through the precise slit diaphragm. The lens converged the test beam to enhance the optical density of the sample surface, reducing the error caused by the test noise. According to the above principle, the test accessory shown in Figure 9b was developed for a Perkin-Elmer's Lambda1050 spectrophotometer (Waltham, MA, USA). In the measurement process, the sampling points were taken at intervals of 2 mm along the change direction of wavelength, and the diameter of the sampling spot was 0.2 mm. The measured transmittance spectrum of each sampling point is shown in Figure 10 . As shown in Figure 10a , the measured spectrum is basically consistent with the theoretical spectrum of Spot = 0.2 mm. The peak transmittance of the central wavelength at each sampling point is more than 80%, and the full width at half maximum (FWHM) changes linearly from 12.8 to 24.7 nm in the operating range, which is almost consistent with 2.5% of the central wavelength. As shown in Figure 10b , the cut-off region transmittance is less than 0.1% in the operating spectrum of 520 to 1000 nm. The measured spectral parameters of the experimental samples fit well with the designed parameters. After repeated preparation under the same conditions, the transmittance characteristics were basically the same under the same process conditions. The process has good repeatability, and the dual ion beam sputtering system has great advantages in stability. In order to verify the linear In order to overcome the influence of the average spectral and spatial effects on the measurement results and obtain more accurate measurement results, the micro-spot test method was used to optimize the sampling spot of the measurement system. The measurement principle is shown in Figure 9a . The small spot was obtained through the precise slit diaphragm. The lens converged the test beam to enhance the optical density of the sample surface, reducing the error caused by the test noise. According to the above principle, the test accessory shown in Figure 9b was developed for a Perkin-Elmer's Lambda1050 spectrophotometer (Waltham, MA, USA). In the measurement process, the sampling points were taken at intervals of 2 mm along the change direction of wavelength, and the diameter of the sampling spot was 0.2 mm. The measured transmittance spectrum of each sampling point is shown in Figure 10 . As shown in Figure 10a , the measured spectrum is basically consistent with the theoretical spectrum of Spot = 0.2 mm. The peak transmittance of the central wavelength at each sampling point is more than 80%, and the full width at half maximum (FWHM) changes linearly from 12.8 to 24.7 nm in the operating range, which is almost consistent with 2.5% of the central wavelength. As shown in Figure 10b , the cut-off region transmittance is less than 0.1% in the operating spectrum of 520 to 1000 nm. The measured spectral parameters of the experimental samples fit well with the designed parameters. After repeated preparation under the same conditions, the transmittance characteristics were basically the same under the same process conditions. The process has good repeatability, and the dual ion beam sputtering system has great advantages in stability. In order to verify the linear As shown in Figure 10a , the measured spectrum is basically consistent with the theoretical spectrum of Spot = 0.2 mm. The peak transmittance of the central wavelength at each sampling point is more than 80%, and the full width at half maximum (FWHM) changes linearly from 12.8 to 24.7 nm in the operating range, which is almost consistent with 2.5% of the central wavelength. As shown in Figure 10b , the cut-off region transmittance is less than 0.1% in the operating spectrum of 520 to 1000 nm. The measured spectral parameters of the experimental samples fit well with the designed parameters. After repeated preparation under the same conditions, the transmittance characteristics were basically the same under the same process conditions. The process has good repeatability, and the dual ion beam sputtering system has great advantages in stability. In order to verify the linear dispersion coefficient of the experimental samples, the central wavelength position of each sampling point was calculated by linear fitting, and the curve is shown in Figure 11 .
Coatings 2018, 8, x FOR PEER REVIEW 9 of 11 dispersion coefficient of the experimental samples, the central wavelength position of each sampling point was calculated by linear fitting, and the curve is shown in Figure 11 . As shown in Figure 11 , the Adj. R-Square is 0.9959, which indicates that the linear correlation between the measured wavelength and the reference wavelength is almost uniform. The central wavelength gradient is basically consistent with 40 nm/mm. According to the above test, the optical characteristics of the prepared LVF can reach the theoretical design target and meet the usage requirements of the integrated optical system.
Conclusions
In this paper, the deposition technique of dual ion beam sputtering was used to prepare an LVF with a high transmittance and high dispersion coefficient by adjusting the deposition rates of the thin film materials through the establishment of a linear variable correction formula. In the thickness correction process of the different film materials, the mismatch error of the two film materials was reduced through the linear variable trend matching method. The average spectral and spatial effect was overcome, and the accurate spectral data of LVF at different positions were obtained using the micro-spot test method. The prepared LVF operates between 520 nm and 1000 nm, which is achieved with an excellent linear dependence of 40 nm/mm over 12 mm. The linear variable filter possessed a 2.5% bandwidth, transmittance was found to be >80% at the central wavelength of the band, with a 0.1% transmittance in the cut-off region. The test results show that the prepared LVF has good spectral characteristics and meets the requirements of integrated and miniaturized optical systems for space applications. 
